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Sulfonated Diels-Alder poly(phenylene) (SDAPP) membranes were synthesized and characterized as potential electrolyte separators
for vanadium redox flow batteries. The SDAPP membranes studied had ion exchange capacities of 1.4, 1.8 and 2.3 meq/g. Trans-
mission electron microscopy imaging shows that the ionic domains in SDAPP are roughly 0.5 nm in dimension, while Nafion has
a hydrophilic phase width of around 5 nm. The sulfuric acid uptake by SDAPP was higher than that for Nafion, but the materials
had similar water uptake from solutions of various sulfuric acid concentrations. In equilibration with sulfuric acid concentrations
ranging from 0-17.4 mol - kg~!, SDAPP with a IEC of 2.3 meq/g had the highest conductivity, ranging from 0.21 to 0.05 S -cm~!,
while SDAPP with a IEC of 1.8 had conductivity close to Nafion 117, ranging from 0.11 to 0.02 S - cm~'. With varying sulfuric acid
concentration and temperature, vanadium permeability in SDAPP is positively correlated to the membrane’s IEC. The vanadium
permeability of SDAPP 2.3 is similar to that of Nafion, but permeability values for SDAPP 1.8 and SDAPP 1.4 are substantially
lower. The vanadium permeation decreases with increasing electrolyte sulfuric acid concentration. Vanadium diffusion activation

energy is about 20 kJ - mol~! in both SDAPP and Nafion.
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The vanadium redox flow battery (VRFB) has shown technical
potential for large scale electrical energy storage.'~> One possible role
of VRFBs is their integration with the electrical grid to “level off”
supply and demand mismatches and to improve overall reliability and
efficiency of the grid.! Another scenario for VRFB use is buffering
stochastic energy sources, such as solar or wind, which will improve
the stability of electricity output from these renewable resources.'*
A VREFB is essentially a regenerative fuel cell, with a flowing oper-
ation pattern similar to proton exchange membrane fuel cells.>® In
a VRFB the energy is carried by vanadium redox couples V>+/V4+
and V**/V3* in electrolyte solutions. The energy is interconverted
between electrical and electrochemical forms by the battery cell or
stack, where the functional core is the membrane electrode assembly.
The function of the membrane is to separate positive and negative
electrolyte solutions and conduct ionic current, while vanadium redox
reactions take place on the electrode surface in each half-cell. During
battery operation, electrolyte solutions are constantly fed through the
battery to support electrochemical reactions and to generate steady
current output or recharge the electrolyte solution.

In the VRFB cell, the electrolyte separator is a primary limiting
factor in the battery’s performance.® As has been demonstrated, resis-
tance from the separator is the most important source of the battery’s
internal resistance, impeding battery performance during high current
density operation.*’ Ideally, the electrolyte separator should have high
conductivity to minimize battery efficiency losses caused by internal
resistance and also high ion selectivity to suppress vanadium crossover
to maintain battery efficiency and capacity. A commonly used separa-
tor for VRFB research is Nafion,®° a perfluorosulfonic acid copolymer
cation exchange membrane from DuPont. Unfortunately, due to the
high acidity and vanadium concentration in the electrolyte solution,
Nafion’s conductivity decreases as a result of the electrolyte diffusing
into the membrane.”!'" Capacity loss can also be caused by the rapid
vanadium transport across Nafion, which effectively chemically short
circuits the cell.!! The high cost of Nafion is another issue hindering
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VRFB commercial competiveness, since a low cost electrical stor-
age solution is the only path toward both grid and alternative energy
storage commercial success.'?

Hydrocarbon, aromatic cation exchange membranes are attract-
ing attention from VRFB researchers because their performance
is comparable to Nafion in electrochemical devices.'*!'* Aromatic
cation exchange membranes are generally developed from thermo-
plastics by sulfonation which results in high chemical/thermal sta-
bility, good mechanical properties and low cost.’>"!7 Several hy-
drocarbon cation exchange membranes have been synthesized and
tested in flow batteries; these include sulfonated poly(ether ether
ketone) (SPEEK),!®!® sulfonated poly(phenylsulfone) (S-Radel),'*-%!
sulfonated poly(thioether ketone) series (SPTK or SPTKK)?? and sul-
fonated Diels-Alder poly(phenylene) (SDAPP).>

Sulfonated Diels-Alder poly(phenylene) (SDAPP) was initially
synthesized as a proton exchange membrane for PEM fuel cells.?*
SDAPP membranes have been studied as polymer electrolytes for pro-
ton exchange membrane fuel cells via investigations of conductivity,
permeability and water uptake properties.”> A preliminary investiga-
tion has also been reported on SDAPP as an electrolyte separator in
VRFBs.?* SDAPP membranes can achieve very high ionic selectivity
to provide comparable conductivity to Nafion, and also lower VO**
permeability. Membranes with higher IEC had higher ionic conduc-
tivity, but lower durability in both long-term battery testing and V+°
solutions. We note in passing that that some membranes of this class
are not completely stable over the long-term (longer that our typi-
cal experiment time!). However, there is an important as yet unmet
need to define the physical chemistry of membranes in the context of
the environment of a device. Thus, we need to understand membrane
behavior for the widest possible range of material types.

In this work, acid and water uptake were examined to deter-
mine its impact on the membrane’s ionic transport properties rel-
evant to VRFBs. As a reference, Nafion 117 was tested in paral-
lel. The molecular formulas of SDAPP and Nafion are displayed in
Figure 1. The sulfuric acid and water uptake properties of SDAPP
were quantitatively measured after equilibration in sulfuric acid solu-
tions with concentration ranges between 0 to 17.4 mol - kg~!. After
equilibration, the membrane’s conductivity was also measured to in-
vestigate the influence of the electrolyte-polymer equilibrium on the
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Figure 1. The molecular structures of SDAPP and Nafion. SDAPP is short side
chained sulfonated poly(phenylene); Nafion is long sided sulfonated tetraflu-
oroethylene based copolymer.

membrane’s ion transport. Vanadium permeation in SDAPP was mea-
sured under different conditions (varying acid concentration or tem-
perature) to study the influence of electrolyte conditions and mem-
brane pore fluid composition on vanadium transport. Transmission
electron microscopy work was carried out to study the morphology of
SDAPP and ionic domain distribution and size. This work forms the
foundation for more detailed studies of ion motion and other chemical
details of the interacting membrane and solution.

Experimental

Membrane preparation and characterization.— Sulfonated Diels-
Alder poly(phenylene) (SDAPP) membranes with various ion ex-
change capacities were synthesized as reported previously.?* The ion
exchange capacity (IEC) of the SDAPP polymer was tuned by vary-
ing the stoichiometry of the sulfonating agent (chlorosulfuric acid)
of Diels-Alder poly(phenylene). The membranes were cast from a
solution of 5 wt.% polymer in dimethylacetamide (DMAc) onto a
bordered glass plate. After membrane casting and protonation, the
membranes were stored in deionized water (Milli Q, 18.0 M2 - cm)
for future characterization and measurement. The ion exchange ca-
pacity (IEC) of the SDAPP membranes was determined by the back
titration method reported in the literature.”* Membrane density, p, was
estimated from membrane weight and dimensions:

m
a*d
where m is the measured membrane weight; a is the length of the
membrane; and § is the thickness of the membrane.

Nafion 117 was purchased from Ion Power Inc. and was charac-
terized in parallel for comparison. Before testing, Nafion 117 was
sequentially conditioned by in 3% H, O, (Fisher Scientific), DI water,
1 mol - dm~3 H,SO, (Alfa Aeser) and DI water for 1 hour at 85°C
to remove residual organic and metallic impurities. Pretreated Nafion
samples were then kept in DI water until future use.

p= [1]

Transmission electron microscopy.— To study the morphology
and sulfonic acid group distribution of the SDAPP membrane, mi-
crographs were taken by transmission electron microscopy. To en-
hance contrast in images and reveal sulfonic acid distribution, the
membrane was exchanged into the Cs™ form to provide higher elec-
tron contrast.”® SDAPP and Nafion samples were first soaked in
0.1 mol-dm~3 Cs,SO, solutions for seven days to reach complete
Cs* exchange. Then film samples were embedded in a low viscosity
epoxy resin (Ted Pella) and microtomed into 70-nm-thick slices. TEM
results were collected using a Zeiss Libra 120 at 120 kV with an emis-
sion current of 7)L A and a minimum dose condition in order to largely
mitigate the electron-beam-induced polymer damage. Since standard
bright field is used in the microscopy illumination, the hydrophilic
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phase with sulfonate stained by Cs* is dark, while the hydrophobic
phase is bright in TEM images.

Acid and water uptake after equilibration in aqueous sulfuric
acid.— Sulfuric acid and water uptake in SDAPP and Nafion were
measured after equilibration in sulfuric acid solutions of different
concentrations. Pretreated acid-form SDAPP and Nafion were first
soaked in aqueous sulfuric acid solutions with concentrations rang-
ing from 0 to 17.4 mol - kg~! for 72 hours to reach solution-polymer
equilibrium. After equilibration, membrane samples were taken out
of solution and their saturated weight was measured as 7,4, Satu-
rated membrane samples were then boiled in DI water to transfer all
imbibed sulfuric acid into the aqueous phase. The sulfuric acid con-
tent in water was titrated by a Mettler Toledo DL15 autotitrator with
0.1 mol - dm~* NaOH titrant. Each membrane’s dry weight was mea-
sured after the boiled membrane was dehydrated in a vacuum oven
for 3 hours at 90°C. Water content in membrane after equilibration in
sulfuric acid can be calculated by:

MHu,0 = Myotal — MH,S0, — Mmembrane,dry [2]

The water content in pure water-equilibrated membranes was in-
dexed as the molar ratio of water to sulfonic acid groups in membrane,
symbolized as A = ny,0/n_sou->

Membrane conductivity in acidic electrolyte— To gauge the im-
pact of the membrane’s proton conductivity in the presence of sulfuric
acid, the membrane samples were equilibrated in sulfuric acid solu-
tions using the same protocol as described previous section. Then,
membrane conductivity was measured by electrochemical impedance
spectroscopy on a four electrode conductivity cell.”?**?* Before mea-
suring, the membrane sample was taken out from the soaking solu-
tion, wiped to remove all liquid droplets on the membrane surface and
mounted into the conductivity cell. The membrane resistance between
two detecting electrodes was equal to the high frequency resistance in
the EIS. The high frequency resistance was determined by the inter-
section of the impedance spectrum with the real impedance axis in the
EIS. The membrane’s conductivity was calculated from the measured
membrane resistance and membrane’s corresponding dimensions:

L
o= —
R-w-3
Here, L is the length between two detecting electrodes; w is the width
of membrane samples; d is membrane thickness. Membrane width
and thickness were respectively measured by a Fisherbrand traceable
digital calipers and Mitutoyo 543-696 micrometer.

(3]

VO** permeation as a function of sulfuric acid concentration.—
To mimic the actual electrolyte in VRFB and understand the role sul-
furic acid concentration impacting VO>* permeability across SDAPP
membrane, VO?* permeability was measured in the presence of sul-
furic acid. VO>* permeability was measured by flowing electrolyte
through a 5 cm? cross-sectional battery hardware (Fuel Cell Technol-
ogy) without electrodes through the electron paramagnetic resonance,
(EPR) spectrometer cavity. The principle of this measurement has
been reported in detail elsewhere.?®?° During the measurement, VO**
rich solution was placed on one side of the battery, while a receiv-
ing solution of the same volume with no VO** was circulated on the
other side of the separator. The volume of the solutions on both sides
was 20 mL. The temperature of the cell was stabilized at 30°C by a
cartridge heater. The cavity of a Magnettech Miniscope ESR (Berlin,
Germany) was built in the tubing line on the receiving side to monitor
VO?* accumulation caused by its crossover from the VO** rich side.
The concentration ratio of VO?>* and H,SOy in the given solution was
controlled at 1:5 and the sulfate concentration on both sides equally
ranged from 0.5 to 5 mol -dm~>. The governing equation of mass
balance in this diffusion process is:

de, —¢
vET _pa(LC [4]
dr 5
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Figure 2. The sketch of VO?* diffusion across membrane monitored by UV-
Vis spectrometer with temperature control.

The permeability P can be calculated by:

=0 __ 2c!
P = —V—sln (_cg Cr) [5]

=0

Where P is the measured membrane permeability;V is the volume of
solution on either side of the battery; A is the cross-sectional area of
the battery hardware, 5 cm?; 3 is the thickness of the membrane; and
t is time the concentration is allowed to equilibrate. Subscripts g and
r refers to giving and receiving solutions, respectively.

VO** permeation as a function of temperature.— VO** diffusivity
in SDAPP was also measured in a Permegear counter diffusion cell at
various temperatures, as sketched in Figure 2. On the VO?* rich side of
the cell, the solution contains 1 mol - dm~2 VOSO, and 4 mol - dm~>
H,SO4. On the receiving side, 5 mol - dm~3 H,S0, was used to the
balance acid strength. The VO>* concentration on the receiving side
was monitored by circulating the solution through a UV-Vis flow cell
coupled with an ALS-Japan SEC 2000 portable UV-Vis spectrometer.
The temperature of the system was conditioned by water circulation in
the water jacket of the diffusion cells with a water circulator (Fisher
Scientific Isotemp 3016D). During the measurement, the solutions
were mixed with magnetic stirrers to minimize the influence of vana-
dium distribution on the membrane surface. The volume of each cell
chamber was 50 mL. The concentration of VO?* in the receiving side
can be calculated by Beer-Lambert law. The VO** mass balance in
this measurement also obeys the expression in eq. 4. The diffusivity
of VO?* across the membrane can be calculated from eq. 5 as well.

Results and Discussion

Membrane characterization.— The measured ion exchange capac-
ities of synthesized SDAPP membranes were 1.4, 1.8 and 2.3 meq/g.
From here on forward, we label the SDAPP membranes as SDAPP
1.4, SDAPP 1.8 and SDAPP 2.3, according to their IEC. Calculated
membrane density and water content in the fully hydrated state are
presented in Table I, with comparison to Nafion 117.7 Sulfonic acid

Table I. Density and water content in SDAPP and Nafion
membranes at fully hydrated state, and calculated sulfonate

concentration.
SDAPP 1.4 SDAPP 1.8 SDAPP 2.3 Nafion 117[1]
Hydrated 12 1.2 1.1 1.8
density
(g-cm™)
A 20.4 20.9 24.1 21.6
Sulfonate  1.11 x 1073 127 x 1073 1.29 x 1073 1.24 x 1073
concentration
(mol -cm™3)
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group concentration in the membrane under fully hydrated conditions
can be calculated by:

hydrated __ EW + 18\
-So3H — —

(6]
phydrated

The equivalent weight of the membranes (EW), were 714, 555
and 434 grams per mole of sulfonate for SDAPP 1.4, 1.8 and 2.3
respectively. A is the water content in the pure water equilibrated
membrane. 0jy4rareq 1S the membrane density under fully hydrated
conditions, calculated from eq. 1. The calculated sulfonic acid con-
centration in the membranes is presented in Table I. Because SDAPP
and Nafion are compositionally variant, (hydrocarbon vs. fluorocar-
bon) the concentration of sulfonic acid groups can better represent the
acid group distribution than IEC. Although SDAPP polymers have
significantly higher IEC than Nafion 117, their densities are much
lower than Nafion because the SDAPP backbone is formed primarily
by C-H bonds while Nafion is composed of heavier C-F bonds. The
higher IEC in SDAPP is traded off by the membrane’s density, leading
to very similar sulfonic acid group concentrations in SDAPPs to those
in Nafion, especially for SDAPP 2.3, and Nafion.

Morphology of SDAPP by TEM.— The morphology of the mem-
brane may play a major role in controlling the partitioning or ex-
clusion of ions into the membrane. This is because the energetics of
ion uptake are at least partly determined by the charge density in the
membrane, which plays a role in the Donnan equilibrium. In compar-
ison with Nafion, SDAPP has a more homogeneous morphology, with
less phase separation and a more tortuous structure. The TEM micro-
graphs of SDAPP are presented in Figures 3 and 4, with comparison
to Nafion 117 under different magnifications. In these images, dark
regions represent hydrophilic domains with Cs* stain. Although the
state of the film during examination is not equivalent to the condi-
tions of a working flow battery, (specifically regarding the presence of
Cs* and the fact that the film is dehydrated and held under vacuum),
the TEM micrographs can still give us important general informa-
tion about the microstructure and morphology of the membranes. In

SDAPP 1.8 SDAPP 2.3

Figure 3. Cs+ stained TEM micrographs of SDAPP and Nafion 117 at 50 nm
magnification. More homogeneous sulfonic acid group distribution is presented
in SDAPP membranes with varying ion exchange capacity.
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SDAPP 1.8

Figure 4. Cs™ stained TEM micrograph of SDAPP and Nafion 117 at 5 nm
magnification. The structure of SDAPP is highly homogeneous and sulfonic
acid group is evenly distributed in polymer.

Figure 3, a clear contrast between SDAPP membranes and Nafion 117
in the degree of phase separation is revealed by the TEM imaging at
a given magnification. In contrast to the obvious phase separation in
Nafion, SDAPP possesses a more homogeneous appearance regard-
less of its ion exchange capacity. In Nafion the sulfonic acid group
can agglomerate and phases separate between the hydrophilic ionic
cluster and hydrophobic polymer backbone.*® The ionic clusters are
formed by sulfonate agglomeration and isolated by the hydrophobic
polymer matrix, as seen in Figure 3. This feature is consistent with
previous studies of PESA membrane’s morphology under dehydrated
conditions.?'*> The length scale of feature width or diameter of hy-
drophilic and hydrophobic phases is about 5 nm. No well-organized
hydrophilic channel network can be observed in the SDAPP polymer
in Figure 3.

The size and distribution of the ionic domains in SDAPP mem-
branes are illustrated at a higher magnification in Figure 4. In these
images of SDAPP, there are obvious dark and bright areas represent-
ing hydrophilic regions and hydrophobic segments of the backbone,
respectively. The length scale of the width of hydrophilic and hy-
drophobic segments in SDAPP is below 1 nm. Considering the C-C
distance in benzene is about 0.14 nm,> this feature suggests that the
sulfonic acid group is not agglomerated but rather is evenly distributed
along polymer backbone. The diameter of the ionic cluster in SDAPP
is much smaller in size than that in Nafion. Since the ionic cluster
is a region surrounded by sulfonic acid groups along polymer back-
bone, ionic channels of high tortuosity can be developed by the kinked
polymer backbone, as can be seen in the micrographs. Tortuous and
narrow ionic channels can be observed in all three micrographs of
SDAPP membranes, regardless of their IEC. In general, it is likely
that the narrow channels in the SDAPP membranes intrinsically hin-
der transport relative to Nafion. There is likely a trade-oftf among the
water and sulfuric acid content versus this structural factor.

Acid and water uptake after equilibration in various sulfuric acid
concentrations.— The sulfuric acid and water contents in SDAPP
membranes are presented in Figure 5, with respect to Nafion. Within
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Figure 5. Sulfuric acid (a) and water (b) contents in SDAPP membranes
compared to Nafion 117. SDAPP membranes have both significantly higher
sulfuric acid and water contents than Nafion in concentrated sulfuric acid
environment.

the experimental sulfuric acid concentration range, sulfuric acid can
overcome Donnan exclusion from the polymer and enter membrane
micropores. Sulfuric acid content in the membrane is characterized as
the molar ratio of free sulfuric acid to sulfonic acid groups attached in
membrane. As is shown in Figure 5a, the free sulfuric acid contents in
SDAPP films with various IECs are similar across the entire sulfuric
acid concentration range. This consistency implies that the sulfonic
acid group in SDAPP has a uniform ability to exclude or coordinate
free anions, regardless of the membrane’s IEC. Although the SDAPP
membranes have higher ion exchange capacities than Nafion, SDAPP
membranes can sorb more sulfuric acid per attached acid than Nafion.
This could be a result of weaker Donnan exclusion by the aromatic
sulfonic acid groups in SDAPP than by the fluorosulfonic acid group
in Nafion. The sulfuric acid content in SDAPP does not level off as
seen in Nafion, in which acid content remains constant at 0.7 after
6 mol kg~'. This can be attributed to less ‘deswelling’ in SDAPP than
Nafion in the concentrated sulfuric acid environment. As has been
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proven, Nafion loses water substantially, causing reduced internal
pore space for imbibed species in low water activity environments.”-*
Because the sulfonic acid groups in Nafion are attached on a long side
chain, it may have a more flexible ionic cluster and channel struc-
ture that can deswell significantly in acid solutions.’> SDAPP has an
aromatic backbone with side chains only one benzene ring in length,
resulting in a stiff molecular structure to resist deswelling. Accord-
ing to a previous study on mechanical properties of SDAPP mem-
branes, the Young’s moduli of SDAPP membranes are substantially
higher than those of Nafion, suggesting that the SDAPP membrane
has a stronger backbone to resist deswelling caused by acidic solution
environments.?* Accordingly, lower deswelling in SDAPP membranes
can allow higher sulfuric acid uptake in the acid concentration range,
as is presented in Figure 5.

As shown in Figure 5b, membrane water content is reduced by in-
creasing the bathing sulfuric acid concentration. Since the sulfuric acid
in the membrane can be hydrated in addition to the polymer-bound sul-
fonic acid group, the water content in membrane has to be corrected by
incorporating the effects of sulfuric acid. The corrected water content
is defined as the molar ratio of water to the total amount of sulfonic
acid groups and sulfuric acid, N = np,0/(M_so;u + nu,s0,)-’ The
water content in the membranes is independent of IEC or backbone
type (hydrocarbon or fluoropolymer). This suggests that the sulfonic
acid groups in Nafion and SDAPP have similar hydration properties,
not influenced by polymer morphology. The consistent water content
also suggests that the sulfuric acid in the membrane’s ionic domain
might have similar hydration behavior regardless of the sulfonic acid
groups in SDAPP or Nafion.

The Donnan exclusion capability of SDAPP is related to the ion
exchange capacity of the membrane.*® The molality of sulfuric acid in
the membrane’s micropore is presented in Figure 6. The molality of
sulfuric acid in the membrane phase is calculated from membrane’s
sulfuric acid and water content:

NH,S04

(18%/1000)

The calculated sulfuric acid molality in SDAPP increases with de-
creasing IEC. The reason for this trend is that at higher IECs, more
sulfonic acid groups are present and dissociate into anions and form
a stronger potential barrier to exclude sulfuric acid. When comparing
SDAPP with aromatic acid groups with fluorosulfonic acid groups in
Nafion at equivalent sulfonic concentration (SDAPP 2.3, Nafion; 1.29

(7]
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Figure 6. Calculated sulfuric acid molality in membrane phase. Sulfuric acid

can be more effectively excluded by Nafion than SDAPP. Donnan exclusion in
SDAPP membrane is consistent with membrane ion exchange capacity.
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x 1073, 1.24 x 1073 mol - cm~3 respectively in Table I), SDAPP has a
higher sulfuric acid molality than Nafion, which suggests that Nafion
has a stronger Donnan effect. The different strength of the Donnan ex-
clusion effect in SDAPP and Nafion can be attributed to sulfonic acid
group clustering difference in SDAPP and Nafion, besides stronger
exclusion from sulfonic acid group in Nafion. Sulfonic acid groups
in SDAPP are evenly distributed along the backbone, while sulfonic
acid groups in Nafion can agglomerate more effectively.!>** Since
sulfonic acid group concentrations in SDAPP and Nafion are similar,
the sulfonate clustering in Nafion can establish a higher local potential
gradient in the ionic channel to exclude anions. In contrast, the less ag-
glomerated sulfonic acid group in SDAPP generates a lower potential
barrier to sulfuric acid than Nafion. The observed differences in Don-
nan exclusion strength might also be a result of differences in sulfonic
acid group acidity. Because the fluorosulfonic acid group in Nafion
has a higher acidity than that of the aromatic sulfonic acid group in
the hydrocarbon polymer structure of SDAPP,'® the extent of sulfonic
acid group dissociation in SDAPPs would be lower than Nafion, es-
pecially at high acid concentration. The less complete sulfonic acid
group dissociation and agglomeration in the SDAPPs builds up a
weaker potential gradient (compared to Nafion) and reduced Donnan
exclusion against co-ions, leading to increase their ability to enter the
ionic channel. Discrimination among these possibilities awaits more
detailed study and a firmer theoretical grounding.

Sulfuric acid influence on membrane conductivity.— To under-
stand the influence of sulfuric acid concentration on membrane
conductivity, all membranes were equilibrated in aqueous sulfuric
acid with concentrations that ranged between 0 to 17.4 mol-kg™!
(Figure 7). SDAPP 2.3 had the highest conductivity among all three
SDAPP membranes, while SDAPP 1.4 has the lowest, which is con-
sistent with the general finding that higher IECs display higher con-
ductivity. Membranes with higher IEC possess higher conductivity
because they have more sulfonic acid groups to maintain higher
proton concentration for charge transport.”>*-3 As was shown in
Figure 5a, since a considerable amount of sulfuric acid can be present
in the membranes, extra protons can be introduced into the membrane
to add to the ion conduction. Both SDAPP and Nafion membranes
displayed higher conductivity after equilibration in aqueous sulfuric
acid, between 0-3 mol - kg~'. However, increasing concentrations of
sulfuric acid (>3 mol - kg~!) causes a monotonic decrease in conduc-
tivity. This trend is due to the trade-off between increasing proton
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Figure 7. Conductivity of SDAPP membranes after being equilibrated in sul-
furic acid solutions with varying concentration. SDAPP membrane with higher
IEC has higher conductivity.
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concentration in the presence of more acid and proton mobility loss
due to reduced water content in the membrane.”!°

To analyse proton mobility in the SDAPP membranes, a simple
modeling study was carried out based on membrane water uptake and
conductivity measurements. The analysis is analogous to the proton
transport study on Nafion with sulfuric acid equilibration.’

The conductivity of an electrolyte derives from contributions from
all mobile charged species in the electrolyte:

o= FZzicl-u,- [8]

Here, F is the Faraday constant, 96500 C - mol™'; z;, ¢; and u; are
charge number, ion concentration and mobility of the ion i; the mo-
bile ionic species include proton, bisulfate and sulfate in the SDAPP
membranes. Because SDAPP is a cation exchange membrane, anion
motion in SDAPP is largely obstructed by the negative electrostatic
force from sulfonate in the polymer. It has been proven that anion
transference numbers are much lower than protons in cation exchange
membrane equilibrated in acids.'%* It is therefore rational to approx-
imate that protons are the only charge carrying species in the SDAPP
membrane by assuming anion transfer number is negligible. Therefore
equation 8 can be simplified to:

o= FCH+I/£H+ [9]

Proton concentration in the membrane can be calculated from the
overall acid (sulfuric acid and sulfonic acid group) concentration in the
membrane and acid dissociation. Measured densities of the SDAPP
membrane with varying IEC is presented in Table I. Due to the strong
acidity of sulfuric acid (pK, = —3.0) and sulfonic acid group (pK, =
—2.8 for benzenesulfonic acid),* it is assumed that all sulfuric acid
and sulfonic acid groups in membrane can completely dissociate into
bisulfate or sulfonate, respectively, and an equal amount of protons
over the entire sulfuric acid concentration range.*' It also has been
shown that the further dissociation of bisulfate can be fully suppressed
by the abundance of protons provided by sulfuric and sulfonic acid
groups.” Accordingly, the amount of protons in the membrane is equal
to the total amount of sulfuric and sulfonic acid groups. Because the
sulfuric acid uptake behavior of SDAPP suggests it exhibits a relatively
low deswelling effect in sulfuric acid solutions, we assume that the
sulfonate concentration in SDAPP does not change substantially when
varying the concentration of the sulfuric acid solution. The proton
concentration in the membrane then can be calculated by following
equation:

v = (1 + m) (drared [10]
n_so;H ‘

The calculated proton concentration is presented in Figure 8a. As
expected, increasing the concentration of the sulfuric acid bathing
solution also increases the proton concentration in the membranes.

Proton mobility in the membrane is then calculated from Equa-
tion 8§ with membrane conductivity and proton concentration. Al-
though there is an increase in proton concentration in both SDAPP
and Nafion membranes with increasing concentration of sulfuric acid
in the bathing solution, there is also a decrease in the calculated
proton mobility, as is presented in Figure 8b. The bathing sulfuric
acid solution influence the membrane conductivity both by raising the
membrane proton content and lowering proton mobility. When ex-
posed to a relatively low sulfuric acid concentration, the conductivity
enhancement is caused by an increase in proton concentration due to
the uptake of sulfuric acid. In more concentrated sulfuric acid solu-
tions, conductivity loss is mainly due to proton mobility loss caused
by severe water content loss. The proton concentration in SDAPP is
similar to that of Nafion, because the sulfonic acid group and free
sulfuric acid concentrations are similar.

Proton mobility in SDAPP is highly favored by increasing the IEC
and water content of the membrane. As shown in Figure 9, at any
hydration level in the membrane, SDAPP 2.3 has the highest proton
mobility followed by SDAPP 1.8 and then SDAPP 1.4. Apparently,
proton transport in the SDAPP membrane is favored by a high degree
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Figure 8. Proton concentration (a) and mobility (b) in SDAPP membranes
and Nafion with respect to the sulfuric acid concentration in the bathing
environment.

of sulfonation, because higher IEC results in a higher concentration
of anionic groups and protons in the ionic domains. As presented
in Table I, SDAPP with higher IEC has a higher sulfonate group
concentration, so it should also have shorter average inter-sulfonate
distance. In addition, it is clear that proton mobility in SDAPP is de-
pendent on water content to an extent similar to Nafion.?” In hydrated
cation exchange membranes, proton transport is favored at high water
contents in the membrane because it is facilitated by proton ‘hop-
ping’ through a well-developed water network via a Grotthuss-type
mechanism.?>>"#2 At low water contents, proton transport more relies
on a vehicle mechanism, in which proton mobility is highly limited
by substantially slower water diffusion.*?

VO** transport across SDAPP membranes.— VO?** diffusion
rates in SDAPP are consistent with the ion exchange capacity of the
membrane: higher IEC results in higher VO** diffusivity. As shown
in Figures 10 and 11, SDAPP 2.3 displays the highest VO** diffusiv-
ity and SDAPP 1.4 has the lowest, regardless of temperature or acid
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Figure 9. Proton mobility in SDAPP is highly dependent on water content
in membrane a. Proton transport in SDAPP is favored by high availability of
water molecules to serve as transport intermediator.

concentration. Generally, cation diffusivity in cation exchange mem-
branes is consistent with its ion exchange capacity.'®* As was just
discussed, in membranes with higher IEC, higher amounts of sulfonic
acid groups have shorter inter-anion distances to allow higher possi-
bilities for cations to successfully transfer from one sulfonate group
to another. Alternatively, the overall membrane porosity and tightness
of channels can also affect the transport of ions.

Besides the membrane IEC, vanadium transport is a function of
the concentration of acid in the electrolyte solution. As is shown in
Figure 10, vanadium permeability across both SDAPP mem-
branes and Nafion is sharply reduced with increasing sulfuric acid
concentrations.” Figure 5a shows that as the concentration of sulfuric
acid in electrolyte increases the amount of sulfuric acid that is absorbed
by the membrane also increases. As has been pointed out, the process
of cation permeation in the membrane consists of cation partitioning
into the polymer and then diffusion through the polymer matrix.***
The process is a competition among cations present. In concentrated
electrolyte solutions, the partitioning of VO?* into the membrane is
reduced by the presence of sulfuric acid in the membrane.*® Moreover,
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Figure 11. The logarithm of vanadyl diffusivity in SDAPP and Nafion is
linearly dependent on 1/T. The vanadyl diffusion in cation exchange membrane
obeys classical Arrhenius kinetics.

the dynamics of VO** transport in the membrane can also be slowed
down by the presence of sulfuric acid in membrane.? The diffusive
medium in the membrane consists of sulfuric acid and water, and
the viscosity of the solution increases with sulfuric acid concentra-
tion. According to the Stokes-Einstein equation, ionic diffusivity is
inversely proportional to the viscosity of diffusion medium, n:

kgT
D:
6mnr

(11]

Here, kg is the Boltzmannn constant; r is ionic radius; 7 is absolute
temperature. While VO is diffusing within the ionic cluster channel,
its motion can be restricted by the viscous friction caused by its
interaction with stagnant or slower species in the diffusion media. A
higher viscosity of the diffusion medium will result in lower VO**
transport due to a stronger frictional resistance.

VO?* diffusion in SDAPP is also dependent on temperature. Ac-
cording to classical Arrhenius kinetics theory, the diffusivity is de-
pendent on temperature in an exponential form:

D = Dy exp(—Ee/py) [12]

-10
1558 4 10° In Figure 11, it is shown that the logarithm of VO?* diffusivity
] ° 104 & is linearly dependent on the reciprocal of temperature in the range
R i . a1 = between 10 to 50°C. (We note.that the range over which we probe
Se 12 e 10 " l\.\ < 3 5 temperature dependency is limited by the temperature range of sta-
& % 10 7 7 - e :' bility of electrolyte solutions with respect to precipitation.) The pre-
og T S 4™ 4 i exponential factors and activation energies for the SDAPP membranes
= T 107 4 Seo and Nafion are fitted and listed in Table II. The activation energy for
= ] 45| VO?* diffusion is fairly similar in all SDAPP membranes and Nafion,
£ 0.8 * LA S B L R A regardless of their IEC. This consistency means that VO** encounters
&D 1 0 1 2 3 4 5 a similar energy barrier for diffusion among sulfonic acid groups in
9 8 A I BB these membranes. The consistent activation energy of VO** diffu-
3 . . R — sion in the membranes might be due to the s1.n.111ar ac1.d1c environment
3 0.4 — A SDAPP 18 inside the membrane, because they were equilibrated in the same solu-
o i Y @ SDAPP23 tions during the diffusivity measurement. In SDAPP membranes, the
= i PY ® Nafion
T *
0.0 = L™ " i . %’ Table II. The pre-exponential factor and activation energy for
[TA R F[ X TE [T E5T [ 6T T T T SDAPP membranes and Nafion in Arrhenius kinetics theory.
0.0 1.0 2.0 3.0 4.0 5.0
Sulfuric Acid Concentration in Solution mol-dm™ SDAPP 1.4 SDAPP 1.8 SDAPP 2.3 Nafion
Figure 10. Vanadium permeability across SDAPP membranes is sharply re- Dy (m*-s7!) 149 x 107 7.66 x 1077 2.98 x 107° 3.24 x 107*
duced by high sulfuric acid concentration in electrolyte environment. E, (kJ-mol™1) 22.8 20.0 19.6 20.3
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Table III. Conductivity and VO?* permeability comparison among SDAPPs and Nafion around 20°C. SDAPPs have better conductivity to VO*+

permeability ratio than Nafion.

Membrane SDAPP 1.4 SDAPP 1.8 SDAPP 2.3 Nafion 117
o (S-em™!at22°C) 0.020 0.061 0.107 0.073
Dyg+ (em?-s™! at20°C) 2.64 x 1070 2.34 x 1078 9.45 x 1078 7.07 x 1078
/D (S-cm™3.5) 7.58 x 10° 2.65 x 10° 1.13 x 106 1.03 x 10°

activation energy decreases slightly with IEC increase. This means
SDAPP membranes with higher IEC has lower energy barrier for
VO?* transfer. The activation energy of VO>*, ~20 kJ-mol~!, is
much higher than that of protons in Nafion, ~10 kJ - mol~'.7 The
E, difference between VO?* and proton suggests that VO** diffusion
across the membrane is much more difficult than proton diffusion.

Here, a detailed investigation has been carried out to quantita-
tively study SDAPP membranes’ ionic transport behavior in vana-
dium/sulfuric acid electrolyte system. To evaluate the suitability of
SDAPP membranes as a VRFB electrolyte separator, compared to
commonly-used Nafion, conductivity to vanadyl diffusivity ratios
are calculated from measurement results demonstrated above for
SDAPPs and Nafion. Uptake data show that all species in the aque-
ous electrolyte are present in the membrane and are liable to be
transported across the membrane. As is presented in Table III, all
SDAPP membranes have higher conductivity to vanadyl diffusivity
ratios than Nafion in SM sulfuric acid at about 20°C. This suggests
that SDAPP membranes have higher selectivity for proton transport
with relative suppression of the unwanted vanadium crossover at given
conditions.

Conclusions

In this work, the proton and VO** transport in sulfonated Diels
alder poly(phenylene) membranes with various ion exchange capac-
ities have been studied. The sulfuric acid equilibrium in SDAPP and
its impact on SDAPP conductivity were studied based on membrane
species content analyses and conductivity tests. SDAPP has higher
sulfuric acid uptake than Nafion, likely because it has weaker Donnan
exclusion to sulfuric acid than Nafion. Sulfuric acid and sulfonic acid
groups in SDAPP have similar hydration to those in Nafion. With a
higher ion exchange capacity, SDAPP can achieve comparable con-
ductivity to Nafion 117. At some IECs, SDAPP exhibits a higher ratio
of conductivity to vanadium permeability than Nafion. Accordingly
SDAPP is a suitable membrane for use as an electrolyte separator for
VREFB.

The intrinsically slower ionic transport in SDAPP is most likely
due to its homogeneous morphology. Since sulfonic acid groups in
SDAPP are attached on short side chains, the short distance between
the backbone and acid moiety may not support the agglomeration of
sulfonates to and form a hydrophilic phase with a considerable size.
The ionic domain in SDAPP is much smaller in radius and is highly
tortuous. This structural feature presents larger barriers to transport
for the larger VO?* ion than proton because of the stronger ionic inter-
actions with the highly charged vanadyl complex in the smaller ionic
channel. The high tortuosity of the membrane is unhelpful for both
proton and vanadium transport, because it can reduce the efficiency
of ionic diffusion. For future ion exchange membrane development,
it is critical to control the size of ionic domains in membrane to en-
hance ionic selectivity and reduce the tortuosity of ionic channel to
improve proton transport. However, the trade-off among these features
is subtle.
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